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    Foreword





Dr. John McLean has received wide recognition for his contribution to the practice of aesthetic dentistry. In 1963 he initiated a programme of research with the Warren Spring Government Laboratory in England to develop a stronger dental porcelain without sacrificing aesthetics. This programme led to the development of the aluminous porcelains, which have largely supplanted regular dental porcelain for the production of jacket crowns. For his services to dental research, he was made an Officer of the Order of the British Empire and awarded in 1977 the Schweitzer Award for research by the Greater New York Academy of Prosthetic Dentistry.


The second volume of “The Science and Art of Dental Ceramics” is a continuing effort to present in detail the finer points of ceramic art in dentistry. It is our intention at Louisiana State University School of Dentistry to use this work as a basis for a continuing education programme in dental ceramics which we hope will encourage younger men to specialize in this rapidly expanding field.


Jack Rayson, Dean







 “Half the joy in life really consists
 in the fight, not in the consequent success.”


Sir Barnes Wallis, C.B.E., F.R.S.
 (1887-1979)






    Preface





The first volume of “The Science and Art of Dental Ceramics” was written principally for the serious student or researcher in dental ceramics and attempted to penetrate in some depth the newer research in dental porcelains and metal-ceramics. This volume also covered the clinical use of dental porcelains both in relation to tooth preparation and its effect on stresses occurring in the ceramic restoration. The principles of colour in relation to porcelain veneer crowns was also given prominence and this section of the book is of particular value to the dental technician.


The second volume, on laboratory procedures in dental ceramics, although principally orientated towards the dental technician, also covers a number of fundamental aspects relating to bridge design which are of value to the practising dentist. An understanding of the building of occlusion in dental porcelain is also of equal importance to both dentist and technician. Although many dentists do not construct their own ceramic work, a sound working knowledge of the building of colour in depth in dental porcelain must enhance his rapport with the dental technician.


The building of ceramics with a brush and methods of obtaining colour and translucency are dealt with in detail. The importance of obtaining a natural enamel effect cannot be over-emphasised since much of the ceramic work today lacks the natural depth of translucency of human teeth. Ceramic crowns should be submerged in a sea of translucency if they are to be undetectable from their human counterparts, and colour must be seen in depth and not created by surface staining.


Metal-ceramic crowns are deservedly the most widely-used restorations in fixed prosthodontics. However, their increasing use has brought with it the problem of maintaining the health of the periodontium. The development of the correct contour in porcelain veneer crowns is given great prominence in this book together with methods of reducing the reflectivity of metal-opaque backgrounds. Only by careful study of tooth anatomy, design factors and colour control in metal-ceramic restorations can the technician and dentist avoid the artificiality of many porcelain veneer restorations. The “metal-ceramic smile” is now so frequently seen that it has become accepted by many of us without question. The high aesthetic standards set by the porcelain jacket crown have been forgotten and many laboratories have lost the facility for laying down a platinum matrix, a simple operation performed quickly by a trained apprentice. It is for this reason that a chapter is devoted to the complete porcelain veneer crown so that the technician has a  standard from which to work. Only then can he recognise deficiencies in the metal-ceramic crown and improve his art.


The techniques described in this volume have been evolved over a period of eighteen years in our laboratory and have been found to be the most successful both from an aesthetic and economic point of view. Alternative systems which we do not use are only described briefly but it should be made clear that there are several roads to Rome and other ceramists may find alternative pathways to be better. For example, there are more expensive systems of constructing working casts and dies and ceramists may argue the case for the use of a spatula for building porcelain. The base-metal alloys have yet to become accepted as viable alternatives to the noble alloys, but are worthy of further investigation. Scientific data is still lacking in this area and most private laboratories in England continue to use the gold-platinum-palladium alloys.


The porcelains described in this volume are manufactured in Europe. There are comparable materials available in North America and the only reason for not mentioning them is that we have confined ourselves to describing materials which have been used by us over long periods and with which we are completely familiar. No one system or brand of porcelain can solve all our problems and it is for this reason that emphasis is placed on selecting a specific type of porcelain for each clinical case. It is hoped that the colour photographs show what we are trying to achieve in aesthetics and physiological contour.


Throughout the text, the new Système International d’Unités (SI) is used and, for convenience, a conversion table is inserted at the end of this volume.


The Harvard System of references has been chosen quite deliberately since it requires the insertion in the text of the name of the author quoted as a reference. The reader is then able to identify the person quickly and realise who had developed the original thought.


John W. McLean
 38 Devonshire Street
 London, W1N 1LD






    Acknowledgements





The production of this book is, in part, the history of the development of alumina reinforced ceramics. During this period, the technicians I have worked with performed much of the pioneer work in developing the aluminous porcelains and the platinum bonded alumina crown. Without their help the profession would not have had access to these materials. In addition to Mick Kedge and John Hubbard, who have collaborated in producing this book, I am indebted to Richard Gale, John Seviour, Michael Kempton, Cliff Quince, Clive Everingham, Chris Newell, David Frost, Paul Smith and Gerry Litman. Their willing assistance has improved our understanding of the ceramic restoration.


I am greatly indebted to Dr. Jack Rayson, Dean of the School of Dentistry, Louisiana State University, for the assistance given to me in the School during the production of this book. In particular, I would like to thank Dr. Edmund Jeansonne and Dr. Howard Bruggers for their work on the platinum bonded alumina crown, and my partner, Mr. Denzil Little, for continued support in the clinical work.


My two colleagues, Mr. John Bunyan and Mr. Fred Harty, have given me considerable editorial help which has been invaluable.


Mrs. Kathleen Wilder has prepared all my manuscripts in her usual indefatigable style. Without her accuracy and speed this work would not have been possible.


My daughter, Diana, was responsible for all the line drawings and colour illustrations, and to her must go a special vote of thanks in interpreting my ideas.


Finally, I would like to thank Mr. Haase for agreeing to give me unlimited scope in publishing “The Science and Art of Dental Ceramics” in colour, and Mr. Peter Sielaff and the staff of the Quintessence Publishing Company for their meticulous work, particularly with the colour illustrations.






  Tooth Numbers





In 1971, the Federation Dentaire Internationale, by vote of the members of its Assembly (all members being representatives of their national dental organizations), adopted an all-number, computer-compatible, easily understood tooth numbering system. This system, illustrated below, is used throughout the text whenever the teeth are not otherwise identified.




    F.D.I. Tooth Numbering System
 Permanent teeth




    











	Maxillary right
18 17 16 15 14 13 12 11 

	Maxillary left
 21 22 23 24 25 26 27 28






	48 47 46 45 44 43 42 41
 Mandibular right

	31 32 33 34 35 36 37 38
 Mandibular left










    For example, the maxillary left lateral incisor and the mandibular right second premolar are designated 22 and 45, respectively.
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    Chapter I


    Reproducing Natural Teeth in Dental Porcelain





    Structure


Before attempting to construct ceramic restorations, it is essential to have a thorough understanding of the anatomy and structure of teeth. In addition, the effect of reflection, transmission and refraction of light in the tooth has a very important part to play in obtaining natural textures and colour effects. The influence of metal and opaque backgrounds on colour and translucency can be dramatic, and for this reason the ceramist must have a basic understanding of the properties of light in relation to dental ceramic work. This information has already been given (Sproull, 1973, 1977; Lemire and Burk, 1975; McLean, 1979, Monograph III; Preston, 1977) but the critical aspects of colour control will be repeated in this book.


    Reproducing Natural Teeth in Dental Porcelain


The main features in a natural tooth that must be reproduced in dental porcelain are colour, translucency and texture.


    Colour and Translucency


The total colour effect in a natural tooth is derived from a combination of light directly reflected from the tooth surface combined with light that has been reflected from the dentine and which has already undergone some internal reflection and refraction. The dentine is the prime source of colour and the reflected rays of light which are emitted through the enamel are modified by the thickness and degree of translucency of the enamel. Human enamel contains approximately 97 per cent by weight mineral matter, mostly in the form of hydroxyapatite. Enamel is very translucent and may transmit up to 70 per cent light through a 1 mm thick section. By contrast, dentine only contains about 70 per cent by weight of hydroxyapatite and the rest is collagen matrix. Dentine is still translucent but will generally not transmit much more than 30 per cent light on a 1 mm thick section.


The reflection and transmission of light producing colour and translucency in a tooth are illustrated in Figure 1-1 and compared with a section through a natural tooth (Fig. 1-2). The tooth can be divided into three areas.
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Fig. 1-1 The reflection and transmission of light in a central maxillary incisor. Colour is produced by reflection from the dentine and is influenced by the thickness of enamel.
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Figure 1-2a
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Figure 1-2b


Fig. 1-2a and b (a) Ground surface of a natural maxillary incisor showing the areas of colour and enamel translucency. (b) Caries free enamel – Polarised light showing prismatic structure (Courtesy of Dr. Edwina Kidd).
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Figure 1-3a
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Figure 1-3b


Fig. 1-3a and b (a) Natural dentition showing the softening of the profile of the tooth produced by approximal light transmission. (b) Diagram showing high light transmission through the approximal areas of a natural tooth.








    Incisal Third


Enamel constitutes the major part of this area and as the thinner incisal edge is approached it can assume almost a glass-like clarity (Fig. 1-1). The enamel also extends around the approximal areas and will highlight the approximal space. High translucency in this area is one of the reasons why human teeth do not have a stark appearance; the edges are softened by light transmission (Fig. 1-3a and b). Failure to capture this effect in ceramics is a common fault resulting in a solidity and starkness that is totally unnatural. The metal-ceramic crowns in Figure 1-4a have been replaced with more translucent aluminous porcelain crowns and higher light transmission has softened their appearance (Fig. 1-4b).


    Middle Third


The middle third of the tooth contains a major quantity of dentine and is less translucent. Colour of the enamel will be influenced by the dentine hue and its natural blue-greyness will have overtones of yellow, orange and brown (Fig. 1-1).
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Figure 1-4a
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Figure 1-4b


Fig. 1-4a and b (a) Poorly made metal-ceramic crownson the maxillary incisors showing high specular reflection and solidity of outline due to lack of approximal translucency. (b) Metal-ceramic crowns replaced with Vita-Pt crowns with higher translucency and reduced specular reflection. The approximal areas are softer in appearance and the crowns blend in with the natural dentition. The distal aspect of 22 has also been recessed giving a better front-to-back progression in the dentition.
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Fig. 1-5 Diagram illustrating the types of porcelain used in constructing veneer crowns.








    Cervical Third


As the enamel approaches the cervical line of the tooth crown, it thins down to a chisel or chamfer edge. The influence of the underlying dentine on the colour of the tooth is quite marked. The neck of the tooth will assume a deeper hue which will vary in colour from orange-yellow to a distinct brown, depending on the age and degree of calcification of the dentine. In addition, the pink gum will have some effect on hue (Fig. 1-1). Tooth manufacturers have recognised this gradation in colour and therefore produce porcelain to match each area (Fig. 1-5):


Incisal enamels for high translucency.


Overlay enamels for general coverage.


Body dentines for bulk build-up.


Gingival dentines for increasing colour intensity.


In addition, opaque porcelain for masking metal or cement surfaces and concentrated colours for duplicating internal and surface stains are supplied.


    Texture


A natural tooth in its unworn state does not present an absolutely smooth surface. In general, it may be seen as a gentle, undulating surface, traversed horizontally with very fine grooves. These are the perikymata, and accurate simulation of these surface irregularities is as important as the matching of shade and shape. If light should reflect off a restoration in a different way from the neighbouring teeth, even if shade and form matching are accurate, it will give the effect of being artificial. Glazing of a ceramic crown is therefore a critical procedure. In addition to the effect on texture, if a crown is over-glazed, it will produce an homogenous glassy surface which obliterates all the “prismatic” effect of dental porcelain. A correctly glazed enamel will only melt to a depth of about 25 µm (McLean, 1979) and the rest of the porcelain should only be fused or sintered at its grain boundaries, i.e. the surfaces of the glassy grains of porcelain should remain almost intact (Fig. 1-6). When the grain boundaries are fused together and not obliterated a prismatic effect is created which can closely simulate the hydroxyapatite structure of human tooth enamel (Fig. 1-2b).


A perfectly matched ceramic crown should submerge itself in the mouth. It must have depth of translucency, with colour built in to the various layers of porcelain. Ridge and point angles should blend with the surrounding teeth and facial and lingual planes must harmonise with the dental arch. In order to achieve these objectives it is clear that only complete porcelain veneer crowns can be made with all these desirable characteristics since once a metal coping is used to reinforce the porcelain, most of the light transmission is blocked in the cervical two-thirds of the crown.


A natural tooth always allows diffuse transmission of light (Figs. 1-1 and 1-2) and the metal-ceramic crown violates this property. This point is well illustrated in Figure 1-7 in which a metal-ceramic crown has been illuminated with a fibre-optic light to show the dark shadow cast by the metal. By contrast, a complete aluminous porcelain veneer crown shown in Figure 1-8 is transmitting light throughout the entire body. Because of this property these crowns can be made with greater depth of translucency and they exhibit less specular reflection from the facial surfaces.
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Fig. 1-6 Loss of prismatic effect due to obliteration of the grain boundaries in dental porcelain caused by over-firing.
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Fig. 1-7 Metal-ceramic crown illuminated by a fibre-optic light in vivo showing the dark shadow cast by the metal.
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Fig. 1-8 Complete porcelain veneer crown made in aluminous porcelain showing high light transmission through the body of the crown when illuminated with a fibre-optic light.
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Fig. 1-9 Effect of opaque porcelains and surface colourants on increasing light reflectivity. Surface stain tends to reflect colour of stain (violet) and is not greatly influenced by dentine colour.








By contrast the metal-ceramic crown will only permit diffuse reflection and specular reflection of light in the body area and resultantly tend to look brighter in the mouth. This brightness is due to high reflection from paint-on opaques and is difficult to eliminate unless there is at least 1.5 mm of porcelain covering the metal.


The greatest problem in making metal-ceramic crowns is to reduce specular reflection from the facial surfaces. The ceramist is always fighting for space to avoid high spots. Methods of creating the illusion of translucency will be shown but it must be clearly recognised that ultimate perfection still lies in duplicating the structure of natural teeth. This can only be done where there is depth of porcelain, and translucent veneer porcelains can be used to advantage. Surface colourants can never provide the answer since colour must be seen in depth. Surface colourants behave like opaque porcelains and produce highly reflective surfaces (Fig. 1-9). Surface stain should be confined to its correct place, to simulate surface stains or defects that are naturally occurring in human teeth. In very special circumstances it may be necessary to use a wash of stain to reduce a bright spot over the opaque but this is an undesirable compromise.


The metal-ceramic technique will be given great prominence since it is the most useful and widely used system available in dental ceramics. However, an awareness of the aesthetic problems of these materials can only help both the dentist and the technician to raise their standards even further.


There is a tendency today, often because of commercial pressures, to use only one brand or system of porcelain. No single system can answer all the clinical problems presented, and for this reason, both metal-ceramics and aluminous porcelains are used in our laboratory to meet the specific requirements of each case. In many instances the two are combined in one rehabilitation with alumina reinforced crowns being used on the incisors and cast metal-ceramic crowns on the posterior teeth. In view of the versatility of current porcelains, it is essential that technicians become familiar with all systems and types of porcelain available.
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Fig. 1-10 Porcelains used in the construction of a regular felspathic porcelain veneer crown.








    Types of Porcelain


There are three main types of porcelain:


    

        	 Regular felspathic porcelain.


        	Aluminous porcelain.


        	Metal bonding porcelains.





        For convenience, all the above porcelains may be classified in their temperature ranges (British Standard No. 5612).













	Temperature
	Maturing




	High
	1200°C – 1400°C




	Medium
	1050°C – 1200°C




	Low
	800°C – 1050°C






    Types of Crowns


There are two main types of crown. The complete porcelain veneer and the metal-reinforced porcelain crown. These will now be considered in detail.


    The Complete Porcelain Veneer Crown


    1. The Felspathic Crown


Porcelains made for this technique have been in existence the longest and continue to set a high aesthetic standard. They are generally in the medium maturing range (1050°C–1200°C) and made for vacuum firing. The types of felspathic porcelain used in making a jacket crown are illustrated in Figure 1-10.


The opaque – a felspathic glass loaded with opacifiers such as zirconium or titanium dioxide.


Body dentine – coloured felspathic glasses with high translucency.


Gingival dentine – coloured felspathic glasses with reduced translucency.


Overlay enamel – highly translucent felspathic glasses often containing sub-micron opacifiers or crystalline material to create special colour effects.






  [image: Page_029_Image_0001.jpg]


Fig. 1-11 Porcelains used in the construction of an aluminous porcelain crown.








Incisal enamel– colourless glasses to simulate thin incisal edges.


Concentrated stains and modifiers.


A typical medium maturing felspathic porcelain for vacuum firing would have a formula as follows:













	Oxide
	Weight
 percent




	SiO2

	64.2




	B2O3

	  2.8




	K2O
	  8.2




	Na2O
	  1.9




	Al2O3

	19.0




	Li2O
	  2.1




	MgO
	  0.5




	P2O5

	  0.7






Maturing temperature 1060°C–1080°C


    2. The Aluminous Porcelain Crown


The aluminous porcelains were developed in England by McLean and Hughes (1965) with the object of improving the strength of the porcelain jacket crown without sacrificing aesthetics.


The porcelains used in this technique are illustrated in Figure 1-11.


Core porcelain – the highest strength porcelains containing up to 50 per cent by weight fused alumina crystals. The fused alumina crystals (specific surface area of approximately 3500 cm2/gram) are mixed or fritted with a glass powder of matching thermal expansion. The transverse strength of these alumina-glass composites is 130 to 150 N/mm2 (dental porcelain strength 70 to 85 N/mm2). Their low expansion and refractory nature also makes them very resistant to thermal shock.


Dentine or body porcelain – made from a borosilicate glass, containing a high dissolved alumina content or, alternatively, a completely dissolved (fritted) felspar glass flux containing additional quantities of alumina both in the free state and dissolved in the glass. The free alumina crystal content of these glasses is restricted to about 5 to 10 percent. Details of their composition are given in Volume I, page 99 (McLean, 1979).
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Fig. 1-12 Porcelains used in the construction of a metal-ceramic crown.








Enamel porcelains – made from the same frit as the dentine porcelain except that their free alumina crystal content is reduced to improve translucency.













	Firing temperatures:
	




	Core porcelain
	1050°C – 1100°C




	Veneer porcelain
	




	(Dentine, enamel)
	900°C – 950°C






    Metal-Reinforced Porcelain Crowns


    The Cast Metal-Ceramic Crown


This crown is the most widely-used restoration in dental ceramics and comprises a cast metal-alloy coping onto which a porcelain veneer is fired. The process is similar to the enamelling of metals.


The porcelains covering the metal are of high expansion (ca. 13–14 x 10−6°C) and are made from felspathic glasses similar in composition to the regular felspathic porcelain but with higher alkali content to obtain expansion. The metal-ceramic crown is illustrated in Figure 1-12.


Opaque porcelain – The new paint-on opaques have very high covering power and may be applied in thicknesses as little as 100 µm. However, they can be highly reflective and must be covered with at least 1 mm of veneer porcelain if reasonable aesthetics are to be achieved.


    Enamels


Body dentine porcelain – felspathic glasses with high colour saturation used for main build-up of gingival and body areas of tooth crown.


Enamel porcelain – felspathic glasses for covering the body porcelain to produce translucency and incisal characteristics. Firing temperatures for all the porcelains used in metal bonding techniques 900°C to 960°C.
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Fig. 1-13 Diagram of the three mechanisms of porcelain attachment to a metal interface.








    Physical and Chemical Characteristics of Alloys Used for Ceramic Bonding


If a good bond has been achieved between porcelain and metal, the breaking stress should approximate to the tensile strength of the opaque porcelain and any fracture should occur through the porcelain (Nally, 1969; McLean and Sced, 1973; O’Brien, 1977).


The development of metal-ceramic systems in dentistry imposes severe disciplines and good aesthetics are obviously a high priority. If a strong bond between metal and porcelain is to be achieved which also satisfies aesthetic demands, then a metal-ceramic system should meet the following requirements:




	Good wetting of the metal or metal oxide by the porcelain is essential.


	The oxide should be soluble in the porcelain.


	The oxides formed on the surface of the metal should not discolour the porcelain or interfere with glass formation.


	The metal or metal oxides should not react in any way so as to reduce the strength of the porcelain or introduce high internal stresses, e.g. by raising or lowering the thermal expansion of the interfacial porcelain.


	The metal or metal oxide should not corrode or produce toxic effects in surrounding tissue.


	The metal should be clinically acceptable both in regard to castability, accuracy of fit and appearance.


	The metal should exhibit minimal creep during firing of the porcelain and possess adequate mechanical strength for multiple splinting and bridgework.


	The casting should be fine grained to prevent high temperature fracture.


	The metal should be readily post-soldered or pre-soldered.





    Methods of Attaching Porcelain to Metal


The mechanisms for attaching porcelain to metal are now much better understood. The ceramo-metallic bond is probably derived from three main components – molecular, mechanical and compression bonding (Fig. 1-13; Vickery and Badinelli, 1968; McLean, 1979; Cascone, 1977).


    Molecular Bonding


Two possible mechanisms for the bonding process can be envisaged. The oxide formed on the surface of the metal could act as a permanent component of the bond like a sandwich structure, in which it is separately bonded to both metal substrate and porcelain. An alternative approach is, however, to envisage the coating oxide as only a means to an end whose function, by dissolution into the glass phase of the porcelain is to bring the porcelain into atomic contact with the metal surface (Fig. 1-13). Wetting of the metallic substrate by the glassy porcelain is thus very effective and direct bonding of porcelain to metal by interatomic forces is facilitated (McLean and Sced, 1976).


There are several ways of providing a surface oxide on the metal for porcelain bonding:




	By introducing traces of base metals into precious metal alloys which, on heating, will produce thin oxide films, e.g. gold-platinum alloys for ceramic bonding.


	By direct oxide production via the constituents of the alloy, e.g. nickel-chromium, cobalt-chromium alloys.


	By surface coating of metals with oxidisable metal films such as indium or tin, e.g. electro-deposition of tin on platinum.





In the first case, small quantities of iron, indium, zinc or tin can be incorporated into a gold-platinum alloy and during heating of the metal and baking of the porcelain, the base metals migrate to the gold alloy surface and form an oxide film which can provide the medium for molecular bonding (McLean and Sced, 1973; Nally et al., 1968; von Radnoth and Lautenschlager, 1969; Cascone 1977; Lugassy, 1977). In the case of base metals such as the nickel-chromium alloys, these will oxidise very readily, and the control of this oxide production is one of their major problems (McLean and Sced, 1973). More recently, it has been shown that electro-deposition of base metals such as tin or indium onto precious metals or gold alloys will also form oxide films on heating and provide a mechanism for porcelain bonding (McLean and Sced, 1976).


    Mechanical Bonding


In addition to the provision by the oxide of an easily-wettable surface on the metal, there is evidence that surface roughness produced by sandblasting can provide mechanical “keying” and increase the surface area for porcelain attachment (McLean and Sced, 1976; Lugassy, 1977). However, it should be noted that with increasing surface roughness a situation could be reached where stress concentrations would be introduced, resulting in premature failure of the porcelain (Kelly et al., 1969).


    Base-Metal Alloys


With the rising cost of precious metal and the demand for stronger alloys with high temperature creep resistance when the porcelain is applied, the interest in non-precious alloys is increasing. The term “non-precious” is not accurate and all the current nickel-chromium alloys should be termed base-metal alloys. These alloys are being introduced onto the market in ever-increasing quantities and with claims for their reliability often unsupported by any scientific evidence. It is hardly surprising that both dentist and technician find it hard to keep up with all the brand names. Words such as “semi-precious” are being used to describe metals that often only contain one percent of a noble metal, and in many cases “non-precious alloys” are presented in such a way that the technician does not even realize that they contain only base-metals such as nickel and chromium.
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FigI 1-14 Diagram of the oxide layer/porcelain metal interface in a nickel-chromium alloy showing a fracture in the oxide layer.








The most popular alloys for ceramic bonding are of the nickel-chromium type. Chromium is a very necessary constituent of all ceramic type base-metal alloys since without it the corrosion resistance of the alloy is unacceptable under mouth conditions. Unfortunately, metals such as chromium or nickel present considerable problems during ceramic bonding and these may be explained as follows. When the porcelain is fired onto the metal, a layer of nickel and chromium oxide rapidly builds up at the ceramo-metallic interface. Depending on the preparation of the metal and the length of firing, this oxide layer will vary in thickness, long firing periods generally increasing the thickness of the layer. A thick oxide layer is very undesirable since it can act as a sandwich between the porcelain and the metal and failure can then occur in the oxide layer (Fig. 1-14).


In addition, it was found that even when oxidation of the base-metal alloy was suppressed by atmosphere control (e.g. firing in non-oxidising atmosphere) direct chemical reduction of some constituents of the porcelain by nickel and chromium is still likely, with nickel or chromium oxide as one of the products (Fig. 1-15; McLean and Sced, 1973). This reduction process may easily occur in dental practice, since once the porcelain matures, the bond interface is effectively shielded from the furnace atmosphere. When these oxides are combined in the dental porcelain, they can reduce the expansion coefficient of the porcelain and produce a high degree of residual stress at the bond which can result in failure such as “pop-off” of buccal or lingual surfaces (Figs. 1-16 and 1-17). Nickel and chromium have been detected in the porcelain after firing, confirming the above evidence (McLean and Sced, 1973; Lugassy, 1977).


Because of the possibility of high degree of residual stress at the bond, the bond strength of both cobalt and nickel-chromium alloys may appear to be higher than the gold alloys when fired in oxidising atmosphere and the mean breaking stress can be above that at which tensile failure of the porcelain occurs with gold alloys. However, such results can be misleading since the high degree of residual stress created at the bond by the lowering of the thermal expansion by chromium or nickel oxide must be accounted for. If this residual stress was acting in opposition to the applied stress it would be necessary to overcome it before a positive stress was applied and the indicated load at failure could be misleadingly high.
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Figure 1-15a
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Figure 1-15b


Fig. 1-15a and b (a) Section through a base-metal/porcelain combination showing migration of base metal atoms (Ni and Cr) into the porcelain causing a blue discolouration. Porosity is caused by use of high vacuum to create a reducing atmosphere, (b) Diagram of the effect of Nickel and Chromium on the porcelain.
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Fig. 1-16 Diagram of the oxide layer/porcelain metal interface in a nickel-chromium alloy showing a fracture at the interface due to high stress at the bond.
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Figl 1-17 Nickel-chromium alloy porcelain crown showing fracture of the buccal veneer.








It is apparent that the base-metal alloy systems are technique sensitive and the question is ‘How do we control oxide production so that consistent bonding of porcelain may be obtained?’ Successful bonding of porcelain to base-metal alloys is very dependent upon both casting and firing techniques. A clean and homogeneous casting is the basic requirement for successful work. Sprues of 3.5 diameter should be attached in such a manner that they fan out from a central reservoir and allow uninterrupted flow of the metal (Weiss, 1977). The casting should be thoroughly sandblasted with 30 µm Al2O3 grit and cleaned with a solvent such as acetone or alcohol before applying the opaque. After the opaque porcelain is applied, the cardinal  point to bear in mind is that vitrification must be rapid and complete before a thick oxide layer can form and interfere with bonding. The use of metal firing trays to improve the thermal conduction, and furnace muffles with even heat distribution will assist the technician. Short firing cycles of one or two minutes are also recommended and opaque porcelains which can vitrify in this time are now available.


    Work is now in progress to try and eliminate excessive oxide formation, or reduction of the porcelain by base-metal constituents, by using various coating agents. One such materiala utilizes aluminium powder blended with a ceramic frit as the coating agent. Presumably it is intended that the aluminium competes with the nickel and chromium for oxygen, thus preventing rapid oxidation of the base-metal alloy. In addition, the formation of aluminium oxide in the frit allows the bonding agent to take part in glass formation. The exact role of aluminium has yet to be established and further evidence is still required of its effect on the glass interface.


Other methods which may also be of some interest rely on the electro-deposition of a precious metal, such as gold or rhodium on the surface of the base-metal casting. In this case it is hoped that the precious metal surface will act as a barrier to any oxide formation. Bonding to the porcelain would then be achieved by electro-deposition of a thin coating of tin on the surface of the precious metal which is subsequently oxidised during porcelain application (McLean and Sced, 1976).


Despite all these improvements in technique and surface bonding, a further criticism must be levelled at the base-metal alloy systems. The casting fit of the current materials still remains in doubt and Nitkin and Asgar (1976) concluded that in terms of fit, base-metal castings were inferior to castings made from high or low gold content alloys. However, they rightly concluded that base-metal alloys show potential despite the poor results obtained and they considered that two areas of technology needed improving. Firstly, improved casting techniques such as induction casting and, secondly, the development of a different type of investment with higher expansion.


In addition to the above requirements, it may also be desirable to develop opaque porcelains that cannot be reduced by nickel or chromium ions.


From the clinician’s point of view he must recognise that when using base-metal alloys, he will probably sacrifice some fit and that aesthetically the metal is not ideal in colour. In addition, the technique sensitivity of these materials demands greater skill from the ceramist and any failure to follow precisely the correct procedures or submitting the metal-ceramic restoration to too many bakes could result in bond failure. On the other hand, the base-metal alloys can be used in thinner section and show almost negligible metal creep on firing the porcelain (Moffa et al., 1973).


Further clinical requirements need to be taken into account, for example when removing a crown or bridge. In the case of the base-metal alloys, this presents a formidable problem. With the present state of the art, there are too many variables to take into account to recommend base-metals for general clinical use.


    Electro-deposition of Metals


A new method of attaching porcelain to metal has recently been reported (McLean and Sced, 1976). Electro-deposition of tin or indium on platinum was found to be effective in providing a surface oxide coating for porcelain bonding.
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Fig. 1-18 Types of porcelain used in the construction of the platinum bonded alumina crown. Vita-Pt core porcelain used for bonding to platinum and Vitadur-N porcelains for the dentine and enamel build-up.








The strongest bonding occurred when the tin coating was in the range of 0.2–2 µm and the relevant facts emerging from this work in relation to the bonding of porcelain to metal were:




	A tin coating on platinum of 0.2–2.0 µm gave optimum bond strengths for aluminous core porcelain of around 50 N/mm2. In this range failure was always cohesive in the core porcelain.


	Below 0.2 µm of tin the strength falls and the incidence of interfacial failure increases until failure is almost totally interfacial at zero coating thickness.


	Above 2.0 µm thickness a reduction in strength also occurs. Failure in this region is still cohesive but the porcelain is weakened. This is presumably due to excessive formation of tin oxide which, when dissolved in the porcelain, reduces its strength.





It is possible that this work sheds some light on the total problem of bonding dental porcelain to metal. Too thick an oxide layer will reduce strength since fracture may occur through this weakened layer. Equally, when no oxide or a minimal amount is present, there is insufficient wetting to allow the porcelain to come into atomic contact with the metal. In the case of the base-metal alloys, control of oxide layer thickness is dependent upon technique. By contrast, the gold-platinum-palladium alloys and the tin-plated platinum techniques allow easier control of the thickness of the oxide layer, since the production of oxide is limited by the quantity of base-metal either introduced or deposited on the metal surface. The use of electro-plating techniques led to the development of the platinum bonded alumina crown.


    The Bonded Alumina Crown


This crown is a new way of reinforcing the porcelain jacket without using a metal casting. It consists of an aluminous porcelain crown bonded to a thin platinum foil (0.025 mm) which has been tin-plated and oxidised to provide a bonding surface for the porcelain. Special aluminous porcelains have been developed for this technique and the crown and the various types of porcelain are illustrated in Figure 1-18.


  Core porcelain – Aluminous porcelain made with increased covering power to mask the oxidised platinum surface. The porcelain contains up to 45 percent by weight of fused alumina crystals and has been formulated especially to wet the metal surface easily.


Dentine or body porcelain – felspathic glass with high dissolved alumina content. Colour saturation increased to mask the opaque alumina core.


Enamel porcelain – felspathic glasses of very high translucency which is maintained on repeated firing.













	Firing temperature:
	




	Core porcelain
	1050°C 




	Veneer porcelain
	




	(Dentine, enamels)
	920°C–960°C




	Melting temperature of platinum
	1769°C






    Strength of the Porcelain Veneer Crowns


The technician is presented with a number of systems to use and his choice of materials will be influenced by aesthetics, strength, ease of fabrication, and cost. Probably his major concern is to make a crown that will not break in service since replacing any of these restorations is an expensive procedure.


How do crowns break in the mouth? For a detailed scientific explanation the reader is advised to study Monographs II and IV (McLean, 1979). Failure in the felspathic or aluminous porcelain veneer crown generally occurs by the deepening of surface microcracks which are always present on the surface after firing (McLean and Hughes, 1965). These cracks are produced during construction and final glazing of the crown and can be due to thermal stressing, porosity, or even bad wetting of the platinum (Southan and Jorgensen, 1972). The cracks are not visible to the naked eye, but when a combination of bending and torsional stresses on the crown are produced by incisal leverage, the cracks can be placed under tension, particularly at the cervical one-third of the crown. Typical half-moon or crescent-shaped fractures may then occur (Fig. 1-19). In particular, when porcelain jacket crowns receive insufficient support from the underlying dentine, high tensile stresses may easily develop with comparatively light occlusal loading. It is for this reason that preparations with insufficient coronal length give little resistance against fracture of the porcelain crown.


In order to strengthen dental porcelain, a method has to be found of preventing microcracks from propagating under low tensile stress. In the case of a porcelain veneer crown this can be achieved in three ways:




	Reinforcement of the inner surface by a higher strength ceramic (Fig. 1-20a).


	Reinforcement of the inner surface by a metal casting or foil bonded to the porcelain (Figs. 1-20b and 1-18).


	Surface treatment of the porcelain by chemical toughening (Fig. 1-20c).





Of the three methods, only the first two are commercially available. The first system, using high strength crystalline ceramics as the inner core, can improve the resistance to fracture but not prevent it. A study by Sherrill and O’Brien (1974) has shown that laminates of alumina core and dentine porcelain were approximately 40 per cent stronger than felspathic porcelain, the pure alumina core porcelain being approximately twice the strength of the conventional material. The reason why an aluminous porcelain cannot entirely prevent fracture is to be found in the nature of ceramic materials. The stress concentrations remain high around cracks in ceramics since they are non-ductile materials and cannot stretch or reduce the sharp angles in the tip of a microcrack (Fig. 1-21). Although the high strength alumina crystals will require greater energy to break them than the glass phase, in certain situations, the stresses in the mouth can exceed the breaking stress of aluminous porcelain when used in thin section.
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Fig. 1-19 Diagram of the mechanism of fracture in a porcelain crown in which the deepening of micro-cracks under stress can initiate a fracture under comparatively light loading.








In the case of the second system, where metal is bonded to the porcelain, an entirely different situation exists. Metals are normally highly ductile and can relieve stress concentration around a crack, thus preventing propagation of the crack under light loading (Fig. 1-22). Once a material with low notch sensitivity such as a gold alloy or platinum, is used as the inner skin for the porcelain crown, fracture of the porcelain can only occur when the reinforcing material is deformed or broken (Fig. 1-23a), the stress at an internal defect in the porcelain is high enough to initiate fracture (Fig. 1-23b) or the bond between metal and porcelain parts (Fig. 1-23c). This presupposes that the porcelain is firmly bonded to the reinforcing substrate. It may be stated that the thicker the metal the greater the strength of the porcelain-metal combination will be. However, it has been demonstrated that the thickness of the metal is not entirely responsible for the improved strength in metal-ceramic crowns. Work by Sced, McLean and Hotz (1977) has shown that bonded platinum foils of only 0.025 mm thickness can strengthen a metal-ceramic combination, and in the case of an alumina core porcelain a strength increase of 83 percent can be obtained. Why is this? The answer is to be found at the surface of the porcelain. When the porcelain is fired onto an oxidised tin-plated platinum foil, the porcelain will flow and wet out the oxide surface and porosity and microcracks at the surface are largely eliminated. The porcelain is better able to reach its theoretical strength which can be vastly greater than its fracture strength in the presence of flaws. The bonding of the porcelain to metal also prevents moisture contamination which can weaken glass surfaces, a process described in Monograph II, page 55 (McLean, 1979).
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Fig. 1-20a to c Diagram of three methods of reinforcing dental porcelain, (a) The aluminous porcelain crown – lining with a higher strength ceramic, (b) The metal-ceramic crown – bonding to metal, (c) Chemical toughening by immersion in a molten potassium nitrate salt bath.
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Fig. 1-21 Brittle fractures in dental porcelain may easily occur since the material cannot stretch or reduce the sharp angles in the tip of a microcrack.
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Fig. 1-22 High ductility in metals can relieve stress concentration around the crack.
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Fig. 1-23	Fractures in metal bonded ceramics can only occur when: (a) the metal is deformed or broken; (b) a crack starts within the porcelain; (c) the bond between the metal and porcelain fails.








  An understanding of the mechanism of fracture and its prevention in dental porcelain should assist both dentist and technician in selecting the correct type of crown to use in each case. It might be argued that the strength of the cast metal-ceramic crown is so high and the fit of the metal collar superior to porcelain that no other material should be used. However, it would be a bold man who could claim that a metal-ceramic crown can be fitted to every maxillary and mandibular incisor tooth and still remain within contour and be aesthetically pleasing. It is for this reason that in our laboratory, extensive use is made of the aluminous porcelain and bonded alumina crown where contour and aesthetics are of prime importance, and space is limited. In the light of this experience, the following recommendations can be made.


    Selecting the Type of Porcelain Veneer Crown


Maxillary incisors


Where crowns not exceeding 1.5 mm in thickness must be made.


Felspathic vacuum fired crown.


Aluminous porcelain crown.


Bonded alumina crown


(Platinum reinforced).


Always use a platinum reinforced crown where:




	Preparations are less than half the height of the original anatomical crown.


	Preparations are conical and more than 15° out of parallel.


	Preparations where the lingual plate of porcelain has to be made very thin and there are sharp line angles at the axial walls causing sudden changes of thickness of porcelain.


	Minimal amounts of shoulder thickness.





Maxillary incisors


Where crowns exceeding 1.5 mm in thickness can be made.


Metal-ceramic crown.


Bonded alumina crown.


Felspathic vacuum fired crown.


Aluminous porcelain crown.


Due to high light reflectivity and the difficulty of obtaining depth of translucency, the metal-ceramic crown has limited use in the lighter shades of teeth. However, it must always be used where metal collars are required for reinforcing weak roots. Where preparations are inadequate in retention and support, the felspathic or aluminous porcelain crowns are contraindicated.


The bonded alumina crown is only contraindicated where retention is almost nonexistent, e.g. short, conical preparations with multiple paths of insertion, where the coronal length of the preparation is less than half the original anatomical crown.


Mandibular Incisors


Aluminous porcelain crown.


Bonded alumina crown with lingual
 platinum fit.


  The cast metal-ceramic crown can rarely be accommodated on a lower incisor. Aluminous porcelain crowns can be made for these teeth but experience has now shown that the platinum reinforced alumina crown is to be preferred and makes an ideal restoration for these difficult teeth.


Maxillary and mandibular canines


Metal-ceramic crown.
 Bonded alumina crown.


Where lingual metal coverage is required, cast metal must be used. However, where porcelain coverage is required the clinical performance of the bonded alumina crowns has proved excellent on these teeth providing the preparation is retentive.


Maxillary and mandibular premolars


Metal-ceramic crown.


Bonded alumina crown with lingual
 platinum fit.


Where occlusal metal coverage is required, cast metal must be used. The bonded alumina crown can be made very successfully for premolar teeth and may be finished to a fine chamfer edge approximally. Often these crowns can be accommodated in less space than that required for the cast metal-ceramic restoration.


Maxillary and mandibular molars


Metal-ceramic crown.


The bonded alumina crown may be used with lingual platinum fit in selected cases when:




	A shoulder finishing line can be provided.


	There is a minimal occlusal thickness of porcelain of 1 mm particularly in the central fossa area.


	There is adequate retention form.





    Contra-indications for the Bonded Alumina Crown




	Where tooth contour has to be restored with a metal-casting. N.B. Do not use bulk porcelain to do this, it may break cohesively from an internal flaw.


	Where a chamfer finishing line requiring a metal collar has to be provided.





It will be seen that the most extensively used crown is the cast metal-ceramic restoration. In our own laboratory, these are only made in gold alloy and under no circumstances should base-metal alloys be used for restoring occlusal surfaces. The cast metal-ceramic crown is not a panacea for restoring the badly destroyed tooth even when gold collars are used. A tooth with insufficient coronal dentine to support the crown may still break at the root face during function since the collar can be displaced by a lateral thrust. In teeth where only a slender peg of coronal dentine is left, it is far better to devitalise the tooth, root fill sectionally and use a post and core reinforcement.
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